Ever since the discovery of the first exoplanet, astronomers have made steady progress towards finding and probing planets in the habitable zone of their host stars, where the conditions could be right for liquid water to form and life to sprawl. Results from the Kepler mission indicate that the occurrence rate of habitable-zone Earths and super-Earths may be as high as 5-20%. Despite this abundance, probing the conditions and atmospheric properties on any of these habitable-zone planets is extremely difficult and has remained elusive to date. Here, we report the detection of water vapor and the likely presence of liquid water clouds in the atmosphere of the 8.6 M ⊕ habitable-zone planet K2-18b. With a 33 day orbit around a cool M3 dwarf, K2-18b receives virtually the same amount of total radiation from its host star (1441 ± 80 W/m 2 ) as the Earth receives from the Sun (1370 W/m 2 ), making it a good candidate to host liquid water clouds. In this study we observed eight transits using HST/WFC3 in order to achieve the necessary sensitivity to detect water vapor. While the thick gaseous envelope of K2-18b means that it is not a true Earth analogue, our observations demonstrate that low-mass habitable-zone planets with the right conditions for liquid water are accessible with state-of-the-art telescopes.
INTRODUCTION
The recent discovery of the transiting 8.63 ± 1.35 M ⊕ exoplanet K2-18b in the habitable zone of a bright, ditions for liquid water and complex organic molecules, a condition generally regarded as necessary for the existence of life as we know it. Although K2-18b has a much shorter orbital period (33 days) than the Earth, its host star is cooler and smaller than the Sun (3503 K, 0.46 R ), and has only 2.7% of the Sun's luminosity. As a result, the total irradiation received by K2-18b (1441 ± 80 W/m 2 ) at 0.143 AU is very close to that received by the Earth (1370 W/m 2 ), albeit with a different spectral energy distribution.
Compared to habitable-zone planets around Sun-like stars, habitable-zone planets around M dwarfs offer two key advantages for atmosphere studies (Nutzman & Charbonneau 2008) . The small diameter of the star results in larger transit signatures as the amplitude of transit and atmospheric signals scale inversely with the square of the stellar radius. Furthermore, the short orbital periods for habitable zone planets around mid Mdwarfs (30-70 days) enables the observation of repeated transits within a relatively short time frame. This means that for K2-18b, we were able to observe eight transits with Wide Field Camera 3 on the Hubble Space Telescope (HST /WFC3) over a period of 3 years. Kepler showed that roughly 40% of M-dwarfs host small planets (1-2 R ⊕ ) in the habitable zone (Kopparapu 2013 , Dressing & Charbonneau 2013 , Silburt et al. 2015 , Farr et al. 2015 , suggesting that planets like K2-18b may be relatively common. However, most of the M dwarf planetary systems detected in the original Kepler survey were extremely faint, making spectroscopic characterization of these planets prohibitively inefficient. Fortunately, K2-18b orbits a relatively bright (K = 8.89) host star, permitting detailed characterization of its atmosphere.
Beyond its potentially temperate climate, K2-18b also occupies an interesting niche in mass-radius space. Very little is currently known about the bulk and atmospheric compositions of planets with masses between those of Earth and Neptune. These planets have no analogs in the Solar System, and aside from the recent atmospheric detection for GJ 3470b (Benneke et al. 2019 ), most atmospheric studies have resulted in non-detections due to the prevalence of high-altitude clouds (Kreidberg et al. 2014 , Knutson et al. 2014b , Crossfield et al. 2017 ). Refined population studies of the radius distribution of sub-Neptune-sized planets have revealed a significant drop in the population between 1.5 − 2.0 R ⊕ (Fulton et al. 2017 , Fulton & Petigura 2018 , which has been attributed to photoevaporation (Owen & Wu 2013 , Lopez & Fortney 2013 , Lopez & Rice 2018 . In this picture, the most highly irradiated super-Earths are expected to have primarily rocky compositions and relatively small radii, while less irradiated super-Earths are able to retain a modest (few percent in mass) primordial hydrogen-rich atmosphere that inflates their observed radii to values greater than 2.0 R ⊕ . With a relatively low incident flux and a measured radius of 2.71±0.07 R ⊕ (Cloutier et al. 2019 ), K2-18b would then be expected to host an extended hydrogen-rich atmosphere, making it a favorable target for atmospheric characterization studies using the transmission spectroscopy technique.
In this work, we present a detection of water vapor in the atmosphere of the habitable-zone exoplanet K2-18b. In Section 2 we describe the observations obtained with HST, Spitzer, and K2, as well as the techniques used to reduce the data and produce spectrophotometric lightcurves. In Section 3 we discuss the data analysis and present the best-fit white light curve parameters and transmission spectrum. Our atmospheric modeling analysis is described in Section 4, the main results are presented in Section 5, and the possibility of liquid water clouds is discussed in Section 6.
OBSERVATIONS AND DATA REDUCTION
Our team observed the transiting habitable-zone exoplanet K2-18b with Wide Field Camera 3 on the Hubble Space Telescope (HST /WFC3) as part of two large spectral surveys of low mass exoplanets (GO 13665 and GO 14682; PI Benneke). Building up sufficient signal-tonoise was possible for this habitable-zone planet because the shorter orbital period (33 days) enabled us to observe 8 independent transits within 3 years. The SNR of the transmission signal was further boosted by the small stellar radius, which amplifies the signal of the planet and atmosphere during transit. We complement the HST /WFC3 observations with two new Spitzer transit observations taken at 3.6 µm (Program 12081, PI Benneke) as well as previously published Spitzer (4.5 µm) and Kepler/K2 transit observations from Benneke et al. (2017) (see Table 1 ).
HST/WFC3 transits
Each of our eight HST /WFC3 visits spanned 6.5 hours and consisted of four full telescope orbits separated by 45-min gaps in data collection due to Earth occultation (see Figure 1) . We obtained the HST /WFC3 time series with the G141 grism in spatial scan mode. In this configuration the telescope is scanned during the exposure, moving the stellar spectrum across the detector perpendicular to the dispersion direction (Deming et al. 2013 , Kreidberg et al. 2014 . This allows for a significantly higher efficiency when observing bright stars like K2-18b. In order to minimize instrumental overheads we utilized both forward and backward scans with the maximum possible duration, covering a large fraction of the 256×256 pixel detector sub-array used for fast readouts. Although we observed a ninth HST/WFC3 transit as part of this same program, it was corrupted by telescope guiding errors which resulted in the spectrum migrating off the detector subarray and prevented us from doing useful science with the this particular transit observations. Following the standard procedure (e.g., Deming et al. 2013) , we minimized the contribution from the sky background by subtracting consecutive non-destructive reads and then co-adding these background-subtracted subexposures. We then used the wavelength-dependent flat field data provided by STScI to build flat-fielded images. Bad pixels were removed and replaced by the corresponding value in a normalized row-added flux template.
The combined effect of the spatial scans and the position-dependent grism dispersion results in a slightly trapezoidal shape for the illuminated patch on the detector instead of a perfectly rectangular patch. This imperfection is the due to a small difference in the dispersion on the detector along its y-axis, yielding a systematic horizontal shift of each wavelength by 2 to 3 pixels across the scan. We therefore integrated over trapezoidal wavelength bins instead of rectangular ones, built from lines of constant wavelength obtained from our 2D wavelength solution computed across the detector, following Tsiaras et al. (2015) and Tsiaras et al. (2018) . We use the same procedure as in Benneke et al. (2019) for the flux integration, avoiding any pre-smoothing and accounting for the partial pixel flux along the bin boundaries to ensure total flux conservation. After shifting the x position in each frame to correct for the small observed drift in the star's position across the observations, we obtain the uncorrected spectrophotometric light curves.
Spitzer/IRAC transits
We obtained two new transit observations of K2-18b with Spitzer at 3.6 µm (Program 12081, PI Benneke) and re-analyzed the 4.5 µm transit observation previously published in Benneke et al. (2017) . The 3.6 µm transit observations were preceded by 30-minute pre-observations in peak-up mode to mitigate telescope drift and temperature variations associated with a recent shift in pointing (Grillmair et al. 2012 ). We used 0.4 s exposures and observed for a total of ∼ 8 hours on 2016 March 14 and 2016 August 26 (see Figure 2) .
We followed standard procedure for Spitzer /IRAC image processing and started from the flat-fielded and dark-subtracted "Basic Calibrated Data" (BCD) images. We used the method presented in Kammer et al. (2015) for background estimation, and determined the position of the star following Benneke et al. (2019) . We then chose the aperture, trim duration, and bin size to minimize both the RMS of the unbinned residuals and the time-correlated noise in the data for individual fits.
Kepler/K2 transits
We supplemented our dataset with two previously published K2 transits of K2-18b, corrected for variations associated with telescope jitter and cosmic ray hits as described in (Benneke et al. 2017) . The bottom panels shows a histogram of the residuals normalized by the fitted photometric scatter parameter for each respective transit. The residuals follow the expected Gaussian distribution for photon noise limited observations. mission spectrum for K2-18b (Figure 4 ). The analyses of the white and spectroscopic light curves are detailed in Sections 3.1 and 3.2. We check the consistency of HST transit depths in each spectroscopic channel across all eight epochs and show that all residuals follow white noise predictions. The RMS values of the residuals from our HST fits lie within 10% of the theoretical shot noise limit. The HST observations provide the best transit depth precision due to the repeated observations, the larger telescope diameter, and the higher stellar flux at HST /G141 wavelengths. The addition of the Kepler and Spitzer data substantially increases the wavelength coverage.
Transit white light curve fitting
We carry out our global analysis of the WFC3, K2, and Spitzer transit light curves within the ExoTEP analysis framework (Benneke et al. 2017) . We jointly fit transit and systematics models along with photometric noise parameters using a Markov Chain Monte Carlo (MCMC) method.
The main astrophysical outputs of the analysis are the global transit parameters (a/R , b), the ephemeris (T 0 , P ), and the transit depths in the K2, HST /WFC3 and Spitzer /IRAC bandpasses. Prior to the global MCMC fit, we analyze each transit light curve individually and then initialize the corresponding systematics parameters in the global fit at their best-fit values to ease convergence. We find that the planet-to-star radius ratio estimates across visits in the same band are self-consistent to within 1σ.
HST/WFC3 Instrument Model
We correct for systematic trends in the uncorrected WFC3 transit light curves by simultaneously fitting an analytical model-ramp function along with the astrophysical transit model. Following previous studies (e.g., Berta et al. 2012 , Deming et al. 2013 , Kreidberg et al. 2014 ), we account for the possible presence of both visitlong slopes and orbit-long exponential ramps using the following parametrized instrumental systematics model:
Here, c is a normalization constant, d(t) is set to 1 for forward scans and d for backward scans to account for the systematic flux offset between the scan directions, v is the visit-long linear slope, a and b describe the rate and amplitude of the orbit-long exponential slope, and t v and t orb are the time in hours since the start of the visit and the start of the observations within the current orbit. Following standard procedure, we discard the first HST orbit of each visit, as it systematically exhibits a stronger ramp than the three subsequent orbits, and remove the first forward and backward scan exposures of each orbit.
Spitzer/IRAC Instrument Model
We account for the presence of systematic variations in the Spitzer time series due to sub-pixel inhomogeneities in the detector's sensitivity using the pixel-level decorrelation (PLD) model as described in Deming et al. (2015) , Benneke et al. (2017) :
For each Spitzer visit, the systematics model includes both a linear-exponential ramp in time (Ae −ti/τ + mt) and the PLD term. In this analytical model, D k (t i ) are the detector count arrays in each of the 3 × 3 pixels covering the central region of the PSF. The coefficients w k are time-independent PLD weights. The 10 parameters in this model are fitted along with the transit model for all Spitzer datasets.
Kepler/K2 Instrument Model
We use the detrended K2 light curves of K2-18b from Benneke et al. (2017) , and additionally fit a linear trend with time to allow for a residual slope in each visit superimposed with the transit signal.
Transit Model and MCMC Analysis
Our astrophysical transit light curve model f (t i ) is computed using the Batman module (Kreidberg 2015) . For the joint white light curve fit, four distinct transit depths are fitted for K2, WFC3, IRAC 3.6 and 4.5µm, but the orbital parameters are assumed to be consistent for all 12 light curves. We also fit limbdarkening coefficients using a quadratic law because the eight HST/WFC3 combined provide full time coverage of the transit light curve including ingress and egress 1. The cadence of the observations is accounted for by integrating the model over time within each exposure for the calculation of the log-likelihood:
where N is the number of visits, n V is the number of data points d V (t i ) in visit V , and σ V is a photometric noise parameter associated with each visit, simultaneously fitted to account for the possibility of variations in the scatter between independent visits. Each visit has a different systematics model S V (t i ) with additional free parameters specific to the instrument that performed the observations, as described in the previous sections. The likelihood is used for finding best-fit parameters and to obtain the joint posterior distribution of all astrophysical and systematics model parameters using the emcee package (Foreman-Mackey et al. 2013 Table 3 . Optical to near-IR spectrum of K2-18b fit are set to the best-fitting parameters to the individual uncorrected light curves. The median and 1σ values of the orbital parameters and transit depths in the K2 and Spitzer bandpasses are quoted in Tables 2 and 3 , respectively.
HST/WFC3 Transit spectroscopy
We use the approximate wavelength-independence of the ramp-like systematic variations in the WFC3 data to our advantage and follow standard practice in using the results of the white light curve fitting to correct systematics in each spectroscopic light curve. We test two methods for the correction: either dividing each of the spectroscopic time series by its corresponding best-fit systematics model from the white light curve analysis, or dividing it by the ratio of the white light curve to its best-fitting transit model; we find no significant differ- ence between the two approaches for pre-correcting the light curves in terms of the derived parameters.
We perform a joint MCMC fit of a transit and systematics model to all pre-corrected WFC3 spectroscopic . Transmission spectrum of K2-18b computed from our global spectroscopic and broadband transit light curve analysis (black points), and a random sampling of the model transmission spectra in the retrieval MCMC chain (blue curves). The main feature of the transmission spectrum is the prominent increase in transit depth with the 1.4 µm vibrational bands of water vapor covered by the HST /WFC3 data. The K2 data point is plotted at visible wavelengths and the Spitzer IRAC measurements are indicated at 3.6 µm and 4.5 µm.
light curves, and obtain posterior distributions for individual planet-to-star radius ratios in each spectroscopic channel (but keep the parameters (a/R , b, T 0 , P) fixed to the best-fitting values from the white light curve fit). The resulting WFC3 transit depths are quoted in Table  3. 3.3. Stellar Activity K2-18 is a moderately active early M dwarf with a measured rotation period of approximately 39 days and corresponding photometric variability of 8 mmag in the Kepler bandpass (Cloutier et al. 2017) , 9 mmag in B band, and 7 mmag in R band (Sarkis et al. 2018) . We see no evidence for spot occultations in any of our transit light curves, and when comparing the measured transit depth across multiple visits in the same bandpass we obtain consistent values, implying that the observed transit depths are relatively insensitive to variable spot coverage on the star. We therefore conclude that the effects of stellar activity on our measured transmission spectrum are negligible given the large uncertainty on the optical Kepler transit depth.
ATMOSPHERIC MODELING
We jointly interpret the transmission spectra to deliver quantitative constraints on the atmosphere of K2-18b using the SCARLET atmospheric retrieval framework (Benneke & Seager 2012 , Benneke 2015 , Benneke et al. 2019 , Kreidberg et al. 2014 , Knutson et al. 2014a . Employing SCARLET's chemically-consistent mode, we define atmospheric metallicity [O/H], the C/O ratio, the cloud properties and the vertical temperature structure as free parameters. SCARLET then determines their posterior constraints by combining a chemically-consistent atmospheric forward model with a Bayesian MCMC analysis. We perform the retrieval analysis with 100 walkers using uniform priors on all the parameters and run the chains well beyond formal convergence to obtain smooth posterior distribution even near the 3σ contours.
To evaluate the likelihood for a particular set of atmospheric parameters, the SCARLET forward model in chemically-consistent mode first computes the molecular abundances in chemical and hydrostatic equilibrium and the opacities of molecules (Benneke & Seager 2013) . The elemental composition in the atmosphere is parameterized using the atmospheric metallicity, [O/H] , and the atmospheric C/O ratio. We employ log-uniform priors, and we consider the line opacities of H 2 O, CH 4 , CO, CO 2 , NH 3 , HCN, H 2 S, C 2 H 2 , O 2 , OH, PH 3 , Na, K, TiO, SiO, H − , VO, HDO, FeH, as well as the collision-induced absorption of H 2 and He.
Following Benneke & Seager (2012) , we also include a cloud deck at a freely parameterized cloud top pressure. The cloud deck is assumed to be opaque to grazing light beams below the cloud top pressure as would occur for large droplets. We also explored a more complex three-parameter Mie-scattering cloud description as introduced in Benneke et al. (2019) ; however, we find no significant improvement in the fit to the observed transmission spectrum and we conclude the additional complexity in the retrieval parameter space is not justified by the data.
Our temperature structure is parameterized using the five-parameter analytic model from Parmentier & Guillot (2014) augmented with a constraint on the plausibility of the total outgoing flux. Given the relatively weak constraints on the atmospheric composition, we conservatively ensure plausibility of the temperature structure by enforcing that the wavelength-integrated outgoing thermal flux is consistent with the stellar irradiation, a Bond albedo between 0 and 0.7, and heat redistribution values between full heat redistribution across the planet and no heat redistribution.
Finally, high-resolution synthetic transmission spectra are computed using line-by-line radiative transfer, which are integrated over the appropriate instrument response functions to obtain synthetic observations to be compared to the observations. Sufficient wavelength resolution in the synthetic spectra is ensured by repeatedly verifying that the likelihood for a given model is not significantly affected by the finite wavelength resolution (∆χ 2 < 0.001). Reference models are computed at λ ∆λ = 250000.
RESULTS
Our transmission spectrum of K2-18b reveals an attenuated but statistically significant water absorption feature at 1.4 µm in our HST /WFC3 data (Figure 4) . The water absorption is detected in multiple neighboring spectroscopic channels covering the 1.4 µm water band and protrudes over an otherwise relatively flat visible to near-IR transmission spectrum. Quantitatively, retrieval models that include molecular absorption by water are favored by the Bayesian evidence at 3.9σ and result in significantly better best fits than models without water. Comparisons to models show that the data are best matched by a hydrogen-dominated atmosphere (O/H = 1-300 x solar) with water vapor absorbing above clouds that become optically thick below the 10-1000 mbar level ( several hundred times solar are disfavored by the combined HST, Spitzer, and K2 data set, indicating that K2-18b likely hosts an atmosphere rich in hydrogen and helium.
Transmission spectra generally contain little information about the exact vertical pressure-temperature profile, especially for planets for which the mean molecular weight is not known beforehand. As a result, the free temperature structure remains largely unconstrained by the observations. Importantly, however, including a freely parameterized vertical pressure-temperature profile enabled us to consistently account for the uncertainties introduced by our ignorance of the exact vertical pressure-temperature profile. Similarly, the lack of sufficiently high-precision spectroscopic observations at wavelengths explains the relatively poor constraint on the atmospheric carbon-to-oxygen ratio.
DISCUSSION AND CONCLUSIONS
The discovery of water absorption in the atmosphere of the habitable-zone exoplanet K2-18b represents a milestone in our search for habitable worlds outside the Solar System. Given the relatively low irradiation by the star, K2-18b's temperature is low enough that the detected water vapor can plausibly condense to form liquid droplets. It is therefore possible that liquid water rain precipitates in the mid-atmosphere of K2-18b. To demonstrate the plausibility of liquid droplet forma- tion, we explore self-consistent forward modeling within the range of O/H ratios consistent with the observations. We computed a set of fiducial atmosphere models using the implementation described in Benneke et al. (2019) and Morley et al. (2013) . Both models iteratively solve the radiative-convective heat transport and chemical equilibrium (Figure 6 ). The models predict the onset of liquid condensation between 10 and 1000 mbar at locations where the water vapor is super-saturated. The fact that the best fitting retrieval models are obtained for cloud top pressures in the same range ( Figure  5 ) further supports the scenario of the condensation of potentially liquid water droplets.
The detection of water vapor makes K2-18b a key target for more detailed follow-up studies with the upcoming James Webb Space Telescope (JWST ). Unlike any other temperate and low-mass planet, we now know that K2-18b shows evidence for atmospheric water vapor and is amenable to characterization via transmission spectroscopy. JWST's wavelength coverage will extend from 0.55 µm to the thermal infrared, where many other molecular species like CH 4 , CO, CO 2 , and NH 3 can be probed directly. The higher precision and spectral resolution obtained from repeated JWST transit observations will allow us to better constrain K2-18b's atmospheric composition and cloud properties, and potentially even look for biomarkers in the gas envelope of a habitable-zone exoplanet (e.g., Seager et al. 2013) .
